The hydroxamic acid siderophore ferrioxam- Nitric oxide (NO), a short-lived potent vasodilator, was first described as the endothelium-derived relaxation factor (EDRF) (1-3). The formation of NO from the guanidino nitrogen group of L-arginine is catalyzed by a group of enzymes termed constitutive (cNOs) and inducible (iNOs) NO synthases (3, 4) . The inducible form is not present constitutively in mammalian cells but is induced by proinflammatory stimuli such as bacterial lipopolysaccharide (LPS), Corynebacterium parvum, and the cytokines tumor necrosis factor-a, interleukin-1, or interferon-y, individually or in combination (5). Excess production of NO is reported to be associated with the development of hypotension associated with endotoxemia and sepsis (6-8).
(DTPA)2-binds NO stoichiometrically upon reduction to iron(II) at biologically relevant potentials to form a stable NO adduct. In contrast, FeI"I(HDFB)+ is a stable and efficient electrocatalyst for the reduction of NO to N20 at biologically relevant potentials. These results suggest that the mechanism of protection against death by septic shock involves NO scavenging and that particularly effective drugs that operate a low dosages may be designed based on the principle of redox catalysis. These complexes constitute a new family of drugs that rely on the special ability of transition metals to activate small molecules. In addition, the wealth of information available on siderophore chemistry and biology provides an intellectual platform for further development.
Nitric oxide (NO), a short-lived potent vasodilator, was first described as the endothelium-derived relaxation factor (EDRF) (1) (2) (3) . The formation of NO from the guanidino nitrogen group of L-arginine is catalyzed by a group of enzymes termed constitutive (cNOs) and inducible (iNOs) NO synthases (3, 4) . The inducible form is not present constitutively in mammalian cells but is induced by proinflammatory stimuli such as bacterial lipopolysaccharide (LPS), Corynebacterium parvum, and the cytokines tumor necrosis factor-a, interleukin-1, or interferon-y, individually or in combination (5) . Excess production of NO is reported to be associated with the development of hypotension associated with endotoxemia and sepsis (6) (7) (8) .
Inhibition of iNOs is a potential therapeutic approach to the treatment of septic shock (6) (7) (8) (9) . However, mechanisms to protect against the deleterious effects of NO overproduction constitute an alternative approach. For instance, free hemoglobin can scavenge NO and inhibit its biological effects (10) . In LPS-treated mice, formation of a paramagnetic mononitrosyl iron complex with diethyldithiocarbamate (NO Fe DETC) was detected and characterized by electron paramagnetic resonance (11) . The NO formed in this animal model was trapped with endogenous Fe2+ complexed with a considerable amount (500 mg/kg) of DETC that was administered to the animals during the course of the experiment (11). Mortality was not addressed in this study. On the other hand, administration of vitamin B12A to mice prevented and reversed endotoxinmediated hypotension and decreased mortality, possibly through binding of the vitamin with excess NO (12) . Inhibition of several actions of NO, including protection of rats against endotoxin, was demonstrated with the NO scavenger 2-phenyl-4,4,5,5-tetramethylimidazolineoxyl-i-oxyl 3-oxide (13) . We and others have characterized the in vivo models of induction of iNOs in mice and rats injected with C. parvum or C. parvum + LPS (14) (15) (16) (17) (18) . We postulated that iron complexes could act as general NO scavengers and provide protection against septic shock. We screened a library of metal chelators and chelates and found that [Fe(III)(H2DTPA)] and [Fe(III)(HDFB)]+ ( Fig. 1, 4 and 2, respectively) offered the highest mortality decrease in an experimental model of septic shock (19) . We determined that the Fe(II) form of both complexes can bind NO, which we believe is related to their biological function. 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (20) (21) (22) (23) . In a search for alternative approaches to septic shock therapy, we postulated that metal complexes, and in particular iron chelators, could act as "molecular sponges," mopping up the excess NO produced during septic shock. To identify lead compounds that would protect against septic shock, we screened a library of metal chelators in the C. parvum + LPS murine model of septic shock (19) . Injection of mice with killed C. parvum followed 10 days later by LPS resulted in 100% mortality within 48 h (Table 1) . Approximately 50% of mice were alive 2.5-3 h after LPS injection (a reflection of how acute the response to LPS is) and 90-95% mortality was reached within 5 h ( Table 1 ). The compounds were evaluated at 0.1, 1.0, 10, and 40 mg/kg. We found that maximum protection against septic shock was offered by both 2 and 4 ( Fig. 1) (24) (25) (26) (27) . As a result, the differ4nce in protective Fig. 1 tCompounds dosed iv in saline 2 h before and at the time of LPS or 0.5 h after LPS. :n = 20.
properties of 1 relative to 2 at 30 min were much less dramatic than those for 3 and 4, respectively. Compound 3 has a lower affinity and selectivity for iron than 1; when administered at 30 min, 3 lacked any protective properties. On the other hand its administration at -2.0 and 0 h provided enough time for 3 to sequester iron and to be effective (Table 1) . Alternatively, differences in biological half-lives, tissue distribution, and/or cell permeability may explain the different protective actions of 4 and 2 in septic mice. For instance, 1 penetrates into hepatocytes and comes out as 2 (28, 29) . Compound 4, on the other hand, has little tendency to cross the cell membrane (30) . Also, 2 has a half-life of several hours (31) while the half-life of 4 is 1 h (unpublished data). Our results showed that 4, which has a short half-life and low cell permeability provided the best protection against the deleterious effects of septic shock in mice.
It should be noted that iron chelators can interact with free radicals produced in vivo (e.g. hydroxyl, superoxide). Thus, oxygen-derived free radicals were implicated in the pathogenesis of endotoxemia, with the latter reduced in presence of 1 (32) . Reactions of hydroxyl radical in vitro with 2, 1, 4 and the Fe(II) complex of 3 have been described (33, 34) , and catalytic superoxide dismutase activity of 4 and DTPA-Fe(II) has been shown (35) . Several laboratories have recently reported hydroxamic acid-based metalloproteinase inhibitors of tumor necrosis factor-a precursor processing to tumor necrosis factor-ca, which is implied in many inflammatory conditions. However, the in vivo properties of these inhibitors, including their ability to protect against septic shock, were not demonstrated (36, 37) . In addition, EDTA (at millimolar concentrations), but not its zinc complex, was able to inhibit the tumor necrosis factor-a-processing enzyme (38) . This contrasted with our results, wherein both iron complexes 2 and 4 exhibited significantly better in vivo protective properties against septic shock than their free-ligand forms 1 and 3, respectively.
Herein, we present in vitro evidence that iron chelators can sequester and (as for 2) catalyze conversion of NO to benign products. Demonstration of mechanistic aspects of septic shock protection in vivo, including interaction with other free radicals, may be hampered by the detection limits of current analytical techniques. To detect the NO Fe-DETC complex formation in livers of LPS-treated mice by the electron paramagnetic resonance, it was necessary to apply a 500 mg/kg dose of DETC (11) . Our chelators demonstrated optimum protection at 10 mg/kg, and at this low concentration it was not possible to detect the electron paramagnetic resonance signal of NO-iron-chelator in circulation or in the liver of C. parvum + LPS-treated mice. Nonetheless, our preliminary experiments showed a decrease of the total NO-hemoglobin complex formation in septic mice treated with 2 and septic baboons In an attempt to determine the mechanism by which the iron chelates scavenge NO, we investigated the chemistry of the complexes with gaseous NO in aqueous solution using electrochemical methods. We did not observe a reaction between NO and either of the Fe(III) complexes, although both complexes are known to undergo quasireversible reduction to Fe(II) in solution, which is apparent in cyclic voltammograms (39, 40) . There are numerous reports of binding and reduction of NO by Fe(II) generated chemically or electrochemically (20) (21) (22) (23) (41) (42) (43) , which suggested to us that reduction of the metal complexes to Fe(II) would provide in vivo NO scavengers similar to those observed with other iron complexes (44, 45) . The cyclic voltammogram of 4 (Fig. 2, solid line) shows a quasireversible wave corresponding to the Fe(III/II) couple (E --0.22 V versus sodium chloride-saturated calomel electrode). The reoxidation of Fe(II) back to Fe(III) was apparent in buffer; however, once NO was introduced, the reoxidation of Fe(II) disappeared (Fig. 2, dashed [2] Removal of NO by bubbling with nitrogen produced the original voltammogram (Fig. 2, solid The IR spectrum of the adduct showed an NO stretch at 1778 cm-1, which agrees well with recent measurements on NO adducts generated in situ (46) . As expected for Fe(II) (32) , this frequency is consistent with formation of an adduct of neutral NO radical rather than of NO' or NO-. The potential of the Fe(III/II) couple for 4 is easily accessed by common biological reductants (39, 47) .
The electrochemistry of 2 (Fig. 3, solid line) is similar to that of 4, except that the Fe(III/II) couple occurs at a much more negative potential (E = -0.71 V, Fig. 3) (36, 37) . As with the DTPA complex 4, reduction to Fe(II) led to a reaction with NO; however, this reaction was catalytic, producing the current enhancement shown in Fig. 3 (short dashed line) . This behavior is indicative of NO binding by Fe(II) followed by further reduction to produce a reduced form of NO and the regenerated 2 complex. As shown in Fig. 3 , significant reductive current for NO in the absence of the metal complex (long dashed line) was not observed until a potential of about -0.65 V was reached; both this potential and that of the [Fe(III)-(HDFB)]+ complex 2 are probably beyond the range of common biological reductants (39, 47) . However, in the presence of the catalyst, such as [Fe(III)(HDFB)]', significant NO reduction current (Fig. 3 , short dashed line) was observed at potentials as low as -0.3 V, which is easily accessible in vivo. Thus, in the absence of NO, 2 probably remains in the Fe(III) state in vivo: however, in the presence of NO, reduction of both the metal complex and NO are feasible.
The [Fe(III)(HDFB)]+ complex2 is a remarkably stable and efficient electrocatalyst. Both NO and NO-were excellent substrates, and controlled potential electrolysis at Eapp < -0.5 V in the presence of either of these species resulted in an initial increase in current to a steady-state level that remained unchanged over many turnovers (Fig. 3 inset) . In one experiment, 16 equivalents of NO-were consumed with essentially no change in current until the NO -was depleted. In a separate experiment with excess NO-, 330 equivalents of charge were passed through the solution and the steady-state current remained at or above 70% of its maximum value. The overall characteristics of the reaction were the same if electrolysis was performed at -0.6 V, which corresponds to the potential of the biological reductant NADPH (39, 47) . Analysis of the gas in the electrolysis cell showed that N20 was a reduction product 60 and that NO was generated as an intermediate when NO-was used as the substrate.
Possible Mechanism of Septic Shock Protection by Iron Complexes. The chemical studies suggested that 2 is a very efficient NO scavenger that operates by catalyzing NO reduction at biologically relevant potentials. These results provide a compelling stimulus for further design, synthesis, and evaluation of compounds that bind and reduce nitric oxide via transition-metal redox catalysis. Application of this newly postulated mechanism to eradicate excessive levels of NO could lead to novel treatments for diseases in which overproduction of NO is a causative factor. Because 4 protected mice against sepsis more effectively than 2, even though 2 operates via a catalytic mechanism, the potential at which the iron center is reduced may be a more important consideration than the mechanism of NO scavenging. The DTPA complex 4 was reduced at potentials well below those of many biological reductants, while the DFB complex 2 was reduced at these potentials only as a result of the catalytic mechanism (Fig. 3) . Nevertheless, these results suggest that a siderophore that decomposes NO catalytically at a lower potential than DFB might be a particularly effective NO scavenger and a prophylactic for septic shock.
